We consider the production of primordial micro black holes (MBH) remnants in the early universe. These objects induce the universe to be in a matter-dominated era before the onset of inflation. Effects of such an epoch on the CMB power spectrum are discussed and computed both analytically and numerically. By comparison with the latest observational data from the WMAP collaboration, we find that our model appears to explain the quadrupole anomaly of the CMB power spectrum.
Introduction
Inflation is without doubt the best model to explain the observed spatially flat and homogeneous Universe. Nevertheless, despite the great successes of the standard ΛCDM model in explaining almost all the data on CMB anisotropy as most recently measured by WMAP observations, the suppression of the l = 2 quadrupole mode still remains a puzzle in the framework of the standard ΛCDM model (for a review on this subject, see e.g. Ref. 1) . In the present paper we propose a pre-inflationary scenario that is based on a generic micro black hole (MBH) production and a minimal set of first principles, namely the generalized uncertainty principle (GUP) and the holographic principle (HP), and it appears to give rise to the suppression of the CMB quadrupole self-consistently without the need of arbitrary inputs. Specifically, we consider the possibility of production of micro black holes in the early pre-inflationary Universe, due to quantum fluctuations of the metric field 4, 5 , as the seeds for the suppression of the inflaton fluctuations. There are two salient features of this MBH nucleation. One is that the production rate per unit volume of space and time is very high at the Planck temperature. To prevent unphysical over-production of MBH, we invoke the holographic principle (HP) to constrain the initial condition of MBH production. The other is that the rate of such MBH production is exponentially suppressed when the temperature of the universe is sufficiently below the Planck temperature. Inflation is in general assumed to start when the temperature of the universe reaches the scale of the GUT energy, about 10 15 − 10 16 GeV.
Therefore one expects that the MBH production activity would cease long before the onset of the inflation, and the MBH would have been totally evaporated and the universe would turn into radiation era before the inflation begins. However, when the Generalized Uncertainty Principle (GUP) is taken into consideration, the complete decay of the nucleated MBH into radiation is prevented, and we have massive, but inert black hole remnants 6 populating the pre-inflationary phase of the Universe.
Furthermore, the nucleation of MBH is so efficient and fast that the Universe is put into a matter dominated era within a few Planck times, just about 10 3 t p after the Big Bang (i.e., well before inflation) and there the Universe stays until the onset of inflation. Such a pre-inflation matter-dominated universe then suppresses the initial inflaton fluctuations at the onset of the inflation. In order to isolate the cause of the CMB quadrupole anomaly, we further examine one variation of this model, one without the GUP, where the black holes decay into radiation completely. In all two cases the primordial power spectra have been fed to the CMBFAST code in order to obtain the CMB power spectra, and then compared with each other and tested against the last WMAP observational data. The pre-inflation matter model seems to be the only one, among those studied, which is able to describe the l = 2 mode suppression, although the radiation model still presents a better fitting of the data at high l values. Throughout the paper the Planck length is defined as
the Planck energy as E p p = c/2, and the Planck mass as
Black hole Physics with Generalized Uncertainty Principle
As it is well known from the classical argument of the Heisenberg microscope 7 , the size δx of the smallest detail of an object, theoretically detectable with a beam of photons of energy E, is roughly given by δx c/(2E). The research on viable generalizations of the Heisenberg uncertainty principle traces back to many decades (see Refs. 8, 9 , and for more recent approaches Ref. 10, 11, 12) . The results, both in string theory and in gedanken experiments with micro black holes, are summarized by the formula
where β is the deformation parameter, generally believed to be of O (1) . Following loosely the arguments of Refs. 14, 6, 17, 15, 16, 13, defining the Planck temperature
, and measuring all temperatures in Planck units as Θ = T /T p , we can infer from (1) the relation between the mass m and the temperature Θ of a black hole, as having the form
where we have defined the deformation parameter ζ = β/π 2 . In the semiclassical limit both β and ζ tend to zero and Eq. (2) boils down to m = 1/(4πΘ) , which is the dimensionless version of Hawking's formula. The standard Hawking formula predicts a complete evaporation of a black hole, from an initial mass M down to zero mass. However, the GUP formulation immediately leads to a minimum mass and a maximum temperature for the evaporating black hole. Precisely we
Note that, as expected, Θ max → ∞ and m min → 0 in the Hawking limit β → 0. Therefore the use of the GUP eliminates the problem of an infinite temperature at the end of the evaporation process, which is clearly unphysical, and leads directly to the prediction of the existence of black hole remnants (see Refs.6, 15, 17, 18, 19) .
Pre-inflation matter era and inflationary solutions
We consider the standard RW flat metric (with Weinberg conventions but c = 1) 
where we consider a matter content A, a radiation content B, and a constant vacuum energy, C, namely a cosmological constant. In this way, we shall be able to generate inflationary exponential solutions. The constant C in the Friedmann equation is mimicking the potential for the inflaton field. We can read off the matter era dominance condition as B/(Aa) 1 (or B = 0). Under this condition Eq.(3) is easily separable, and the solution 20 obeying the boundary condition a(0) = 0 for
which, for vanishing C, or small t, results in the solution a(t) ∼ t 2/3 .
In case of radiation dominated pre-inflation era, i.e. no matter present (A = 0), the solution obeying the boundary condition a(0) = 0 for t = 0 is
which for small t or vanishing C behaves as a(t) ∼ t 1/2 .
Black Hole Nucleation
In 1982 Gross, Perry and Yaffe 4 , and two years later, Kapusta 5 , investigated the stability of flat spacetime and the arising of gravitational instabilities, which might lead to singularities and to spontaneous formation of black holes. They found a nucleation rate for black holes as
where Θ is the temperature of the universe (the thermal bath), expressed in Planck units, and at the same time the temperature of the nucleated black holes, connected to their mass m by Θ = according to this nucleation rate will have mass m. At very early times, when Θ > Θ * 1/(4π), the nucleation probability is very high, but does not lead to black hole formation, since it is forbidden by the GUP to create smaller than one Planck mass black holes (m min √ ζ M p where ζ ∼ 1). So at least for this very early time, the universe is simply a chaotic hot sphere, filled with primordial radiation (see Refs.2, 3). Considering an adiabatically expanding universe, we can write T (τ )a(τ ) = T p a(t p ), and since during the radiation era the scale factor evolves like a r (τ ) a(t p )τ 1/2 , and we choose a(t p ) = 1, we have Θ r = 1/τ 1/2 for a radiation dominated universe. In the matter-dominated era, the temperature evolution is analogously given by Θ m = 1/τ 2/3 . In radiation era we can write the nucleation rate as a function of time as 
, and their dimension has to be energy per volume, as the scale factor is a dimensionless quantity. At the Planck time, the universe is in a radiation-dominated stage, and it is reasonable to assume that ρ r (τ p ) = ρ p . Assuming a(τ p ) = 1, the radiation parameter can be fixed as B = 1, expressed in Planck units. For the matter parameter A, we have to choose a time τ c when black holes are starting to be nucleated, and calculate ρ m (τ c ). This time and the parameter A will be derived via numerical simulations.
A Cutoff from the Holographic Principle
The holographic principle 21 places a limit on the information content, or entropy content, in a certain region of space-time. Quantitatively it states that (in units where
is a so-called light sheet, which defines a certain region of space-time B, and A(B) is the codimension 1 boundary of that region. This can be used to define a cutoff for the nucleation rate of micro black holes. We demand that at no time point in the evolution of the universe the entropy of the black holes can exceed the total entropy that Hubble sphere can maximally hold. Then we try to find a time point τ c , from which this condition is fulfilled. If this condition is violated in the course of black hole production, then it is simply not allowed to create black holes. We require that at all times S bh (τ ) S HS (τ ). The universe has started off in a radiation-dominated era, so the nucleation rate as a function of time is computed using Θ r = τ and τ = 998 are on average m(τ c ) ∼ 2.5.
Fixing the Friedmann Equation
In this subsection we determine the numerical size of the parameters in the Friedmann equation of our model. We have already settled B = 1. For the matter component, we know that about 10 4 black holes are nucleated during a short period around 1 , which confirms that the Universe is in matter era from τ c to the onset of inflation.
Scalar field fluctuations -The primordial power spectrum
In this section we study the quantum fluctuations of a field living in a universe whose background evolves with a given scale factor a(t)
Here we set c = 1, and we choose a flat metric (for simplicity, and since we deal with an almost flat universe). We consider a zero mass scalar field Φ(t, y) and we perturb the field around its classical expectation value, Φ(t, y) = Φ 0 (t, y) + ϕ(t, y). The equation of motion for the scalar field perturbation then reads ϕ(t, y) = 0 . In the applications, the a(t) of Eq.(4), or of Eq.(5), will be used in the metric g µν . The equation of motion for the Fourier transformed field φ k (t) reads
A possible strategy to solve Eq. (7) is to change the independent variable from t to a. Then the equation for φ k (a) readṡ
where of courseȧ andä have to be expressed as functions of a.
The re-entering k-modes
The k-modes which left the horizon at, or shortly after, the onset of inflation are those that are just now re-entering our Hubble radius, and they represent the largest modes of fluctuations currently observable, having a size comparable with that of the visible universe. The modes leaving the horizon just at, or shortly after, the beginning of inflation, correspond to the largest scales observable today, and they could bring imprints of a possible pre inflation era. A pre-inflationary era affecting these modes could thus explain the anomaly of the quadrupole moment of the CMB today. Simple geometric considerations help us to find a relation between k and the scale factor, k a H , as the horizon crossing condition. Besides, reminding that H =ȧ/a, we have for a pre-inflation radiation era
while, for a pre-inflation matter era,
Scalar Field equations
In this subsection we specialize Eq.(8) to particular a(t) solutions. For the pre inflation matter era case, using Eq.(4) to computeȧ,ä, we obtain
In the case of pre inflation radiation era we have, using Eq. (5),
The general plan of our work is to solve equations (11), (12), regarding k as a parameter, to obtain φ(a, k). Once the solution φ(a, k) is available, we can compute the power spectrum P (k) of the quantum fluctuations of the field Φ. Since the power spectrum is usually given as a function of k only, will be necessary to express φ as a function of k only, and this can be done through the relations (9), (10) . The final scope is to obtain the function
the primordial power spectrum of the fluctuations (perturbations) of the field Φ. With P (k) then we feed the CMBFAST code to generate the CMB anisotropy power spectra. Luckily enough, it turns out that analytical solutions of the second order approximations of equations (11), (12) can be obtained by means of the WKB method, and these solutions are strongly corroborated by numerical insights. Of course, when solving a differential equation, we need boundary conditions in order to fix the solution explicitly. Since we are almost sure that inflation happened, while we know little about a possible pre-inflation era, we choose to put our boundary conditions in the full inflationary era. This means that, for large a, or equivalently, for large k (see equations (9), (10)), well after the beginning of inflation, the field φ must generate an almost scale invariant, i.e. flat, primordial power spectrum P (k). The newest analysis of the WMAP data 23 indicate a form like P (k) ∼ k ns−1 with n s = 0.963 ± 0.012 (68% CL) . Therefore, for large k the field φ must behave as
This condition will allow us to fix properly the arbitrary constants in our solutions.
WKB solutions
We develop the coefficients of Eqs. (11) (12) to the second order in a for a → ∞. Then we apply the WKB method. In this way the WKB solution of Eq. (11) explicitly reads
We can always find agreement with the boundary condition |φ| ∼ k
−3/2+(ns−1)/2
(for large k), by defining the arbitrary constants c ± (k) accordingly. In fact for large k, we can choose c ± (k) in a way that c
so that the boundary condition is fulfilled. We can also consider relation (10) to the second order of approximation, which reads a(k)
Once this new expression of a(k) is substituted in (13) , it is instructive to plot the function
An analogous procedure can be applied to the pre-inflation radiation era, starting from Eq.(12). Finally, in Fig.1 , we compare the plots for the power spectra, matter and radiation cases, in the same diagram. We see that for both matter and radiation eras there is an exponential suppression of the low k-modes. The matter diagram presents an interesting cusp, just before dropping down, that is absent in the radiation diagram.
Numerical computation of the primordial power spectrum
Matter era -In one of the previous sections we determined the parameter of the matter contribution in the Friedmann equation, A, to be A = 10 , as a function of k, is however only a collection of data points. In order to be of any use for the CMBFAST code, it has to be given as an analytical function, which is obtained by fitting the data points with an opportune mathematical function. Radiation era with totally evaporating black holes -Here we deal with the situation in which black holes are nucleated but then disappear again completely 
The CMB power spectrum
The previously calculated primordial power spectra, in the cases with GUP, and without GUP, have been fed into the CMBFAST code 22 to obtain the CMB temperature anisotropy spectrum that we can measure today. We compare our results to the WMAP seven year data, and to the result for the CMB spectrum obtained from the standard inflationary theory, without any pre-inflation era. The standard inflation (SI) model is a very good fit to the data, considering all the different features it has to explain. Only the point for the mode with l = 2 in the CMB spectrum is very low in comparison with the theoretical curve. To produce the CMB power spectrum corresponding to the SI model, we assumed a scalar spectral index of The numerical results for the CMB power spectrum are the following. For a matter-dominated era before inflation, the CMB power spectrum as obtained by CMBFAST can be seen in Fig.3 . For the case when the GUP is turned off, the CMB power spectrum can be seen in Fig.4 . 
Conclusions and Outlook
In this work, we investigated the effects of an era before inflation on the CMB power spectrum measured today. We utilized the phenomenon of black hole nucleation from quantum fluctuations of the metric in very early times to argue for the existence of several thousand micro black holes in the pre-inflation era, which cause the universe to be matter-dominated from about τ 10 3 t p , until the onset of inflation (τ 10 6 t p ). The model with matter-dominance in pre-inflation era is successful in the suppression of the l = 2 mode, and incorporates the desired effect on the power spectrum very well (see Fig.3 ). It asymptotes to the standard inflationary model for higher ∆N , as expected. For the case of radiation in pre-inflation era, with black holes evaporating until zero mass (no GUP), the result is rather poor -only one of the curves shows a suppression in the lower modes, all of them actually lie above the result given by a standard inflationary scenario without a pre-inflation era. The model shows a very good accordance for the high l region. The lower bound on the number N o of e-folds is currently fixed by literature as N o = 54 ± 7 e-folds. From Fig.3 , we see that, in our model, in order to fit the WMAP data point at l = 2, i.e. the so called quadrupole anomaly, we have to add about ∆N = 2 or ∆N = 3 e-folds to the standard number N o , though still within the uncertainty shown above. We regard this as a bonus from our theory, which, for the first time to our knowledge, fixes an upper bound to the number of e-folds needed in inflation so as to fit the points of CMB power spectrum. Moreover, the necessity of a pre inflation matter era is further supported by observing that, as Fig.4 displays, if a pre inflation radiation era is assumed, then the curve of the CMB power spectrum cannot be lowered down to catch the anomalous l = 2 point, no matter how many e-folds one adds to the standard number N o . The pre inflation matter era model seems to be the only one, among those studied, able to capture and describe the l = 2 mode suppression, although the radiation model still presents a better fitting of the data at high l values.
